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ABSTRACT 15 
While hot-water drilling is a well-established technique used to access the subsurface of ice 16 
masses, drilling into high-elevation (> ~4000 m a.s.l.) debris-covered glaciers faces specific 17 
challenges. First, restricted transport capacity limits individual equipment items to a volume and 18 
mass that can be slung by small helicopters. Second, low atmospheric oxygen and pressure 19 
reduces the effectiveness of combustion, limiting a system’s ability to pump and heat water. 20 
Third, thick supraglacial debris, which is both highly uneven and unstable, inhibits direct access 21 
to the ice surface, hinders the manoeuvring of equipment, and limits secure sites for equipment 22 
placement. Fourth, englacial debris can slow the drilling rate such that continued drilling 23 
becomes impracticable and/or boreholes deviate substantially from vertical. Because of these 24 
challenges, field-based englacial and subglacial data required to calibrate numerical models of 25 
high-elevation debris-covered glaciers are scarce or absent. Here, we summarise our experiences 26 
of hot-water drilling over two field seasons (2017–2018) at the debris-covered Khumbu Glacier, 27 
Nepal, where we melted 27 boreholes up to 192 m length, at elevations between 4900 and 5200 28 
m a.s.l.. We describe the drilling equipment and operation, evaluate the effectiveness of our 29 
approach, and suggest equipment and methodological adaptations for future use. 30 
1. INTRODUCTION 31 
Hot-water drilling has long been used to study glaciers, ice sheets and ice shelves, providing a 32 
means to determine ice structure, debris content and hydrological features, as well as ice 33 
thickness if the bed is reached. Such boreholes allow direct access to the ice-bed interface, from 34 
which sediment and water can be sampled. Boreholes can also be instrumented to provide time-35 
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series records of ice characteristics, including ice temperature and deformation, and hydrological 36 
properties such as subglacial water pressure, electrical conductivity and turbidity. While other 37 
techniques such as mechanical coring (e.g. Árnason and others, 1974; Zagorodnov and others, 38 
2005; Gibson and others, 2014), steam drilling (e.g. Howorka, 1965; Gillet, 1975; Heucke, 1999) 39 
and thermal devices (e.g. Gillet, 1975; Mae and others, 1975; Schwikowski and others, 2014) have 40 
been used in the past, hot-water drilling is often favoured because of its logistical ease, 41 
effectiveness and rapidity. Hence, the technique has been applied successfully in many locations, 42 
such as on numerous valley glaciers (e.g. Aamot, 1968; Hubbard and others, 1995; Eisen and 43 
others, 2009), the Greenland Ice Sheet (e.g. Iken and others, 1993; Ryser and others, 2013; Doyle 44 
and others, 2018), Antarctic ice streams (e.g. Engelhardt and others, 1990) and ice shelves (e.g. 45 
Hubbard and others, 2016; Ashmore and others, 2017), and on surge-type glaciers, including in 46 
Alaska (e.g. Kamb and others, 1994) and Svalbard (e.g. Porter and Murray, 2001; Kulessa and 47 
Murray, 2003; How and others, 2017). However, to our knowledge, hot-water drilling beyond a 48 
few metres depth has not been reported on any high-elevation debris-covered glacier. 49 
Worldwide, very few high-elevation debris-covered glaciers are accessible by road, 50 
necessitating field teams to hike in (also necessary for physiological acclimatisation) and 51 
equipment to be transported by porter or animal. However, field equipment is often too heavy 52 
for transport by these means, leaving helicopters as the only, more expensive, option. A further 53 
complication is the reduction of helicopter payloads with elevation, introducing significant 54 
weight restrictions for individual items of equipment. Atmospheric conditions at high elevations 55 
additionally affect the drilling process, with reduced oxygen restricting combustion and limiting 56 
the heat and pressure outputs necessary for effective hot-water drilling. Once on a glacier, 57 
finding a suitable drill site can present further problems as the surface topography is often 58 
complex and difficult to navigate (e.g. Iwata and others, 1980), and access to a clean ice surface 59 
is limited by the highly variable debris layer thickness (McCarthy and others, 2017). Hot-water 60 
drilling also requires a ready supply of water that can be siphoned or pumped from supraglacial 61 
streams and ponds. However, supraglacial ponds on high-elevation debris-covered glaciers are 62 
often ephemeral (Miles and others, 2017) or frozen for much of the year, and can be difficult to 63 
access. Finally, viable drilling sites may be further restricted by hazards such as rock fall or 64 
avalanches from nearby mountain slopes. 65 
Given these challenges, it is not surprising that hot-water drilling has rarely, if ever, been 66 
attempted at high-elevation debris-covered glaciers, resulting in a paucity of field-based data 67 
relating to the englacial and subglacial conditions at such glaciers. For example, ice thicknesses, 68 
bed topographies and basal conditions are commonly assumed or estimated from modelling 69 
(Bolch and others, 2012; Huss and Farinotti, 2012; Rowan and others, 2015), while measurements 70 
of ice temperature and thermal regime are also extremely limited (e.g. Mae, 1976; Zhang and 71 
others, 2013). To our knowledge, no direct measurements exist of either englacial debris content 72 
or dynamic regimes (i.e. rates and styles of ice movement by basal sliding and/or deformation) 73 
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at such glaciers. As a result, dynamic models of Himalayan glaciers are missing crucial field data 74 
for model calibration and validation, which are needed to make robust predictions of future 75 
glacier geometric change and contributions to river discharge, water resources, and ultimately 76 
sea level (Rowan and others, 2015). 77 
 Here, we present our apparatus, method and experiences of hot-water drilling on the 78 
high-elevation debris-covered Khumbu Glacier, Nepal Himalaya, in 2017 and 2018. The aim of 79 
the parent research project (‘EverDrill’) was to characterise the englacial structure and 80 
temperature, basal dynamics and hydrology of Khumbu Glacier by using hot-water drilling to 81 
access the glacier’s interior and/or bed at multiple locations. We discuss the methods developed 82 
to address this aim, from specific equipment and adaptations to on-the-ground site selection and 83 
preparation. We then evaluate: i) the strengths and limitations of our approach, including system 84 
performance over the course of two field seasons; ii) the nature of the boreholes that were 85 
drilled; and iii) the difficulties of site selection for subsequent data collection. Finally, we suggest 86 
adaptations to the equipment and method to facilitate future hot-water drilling at high-elevation 87 
debris-covered glaciers, both at similar and higher elevations to those at which we drilled on 88 
Khumbu Glacier. 89 
2. EQUIPMENT & METHODS 90 
2.1 Combustion engine power loss at high elevation 91 
The efficiency and power output of internal combustion engines decreases with reduced oxygen 92 
at high elevations. Specifically, combustion is adversely influenced by both the absolute decrease 93 
in oxygen available, decreasing the heat that expands each charge of air, and lower air density 94 
reducing the mass of air available for that expansion. Consequently, engine output typically 95 
decreases by ~1.2% for each 100 m increase in elevation (Fig. 1). Thus, for operation at ~5000 m 96 
above sea level (a.s.l.) on Khumbu Glacier, a combustion engine is projected to generate only 97 
~55% of its rated power at sea level (Honda Power Equipment, 2018). This severe reduction in 98 
power output is estimated for an ideal mixture of air to fuel; real carburetion conditions would 99 
result in a further reduction of power output. We compensated, to some extent, for this loss of 100 
engine power by: i) using larger engines than would be required for the same power output at 101 
sea level, and ii) ‘rejetting’ all engines’ carburettors. Rejetting involves reducing the fuel supply 102 
to match, as closely as possible, the oxygen supply and air density at the anticipated elevation 103 
(thereby achieving the most complete combustion feasible), by using a smaller diameter fuel 104 
nozzle. However, because no perfect solution was available for efficient operation at 5000 m a.s.l. 105 
without substantial engine redesign, both incomplete combustion and sub-optimal operation 106 
were still anticipated. These issues included, for example, the reciprocating piston decelerating 107 
under lower force during compression and exhaust cycles (caused by the lower air mass in the 108 
chamber) than is ideal. The 2017 EverDrill field season was therefore partially viewed as an 109 
equipment trial, designed to inform equipment and operational choices for the 2018 field season. 110 
The elements of our equipment set-up, subject to these influences, are considered individually 111 
in their respective sections below. 112 
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2.2 Equipment 113 
Figure 2 shows a typical drilling set-up from one of our sites in 2018 (Fig. 2a, b), with particular 114 
aspects shown in lower panels (Fig. 2c-e). 115 
2.2.1 Low-pressure water transfer 116 
In order to obtain and store water to begin hot-water drilling, a Honda WX10 (petrol) water pump 117 
was used to drive ~15 L of water per minute from a supraglacial pond to a 1000 L intermediate 118 
bulk container (IBC) tank (Fig. 2a, b). The WX10, along with all other combustion motors used in 119 
the project, was rejetted using the smallest jet available prior to the field season (Section 2.1). 120 
The WX10 drew in water via a single 15 m length of 1 inch-diameter ribbed supply hose, with a 121 
foot valve/filter on the pond end to exclude larger debris clasts (Fig. 2b). The pump was 122 
connected, using a single 50 m length of similar supply hose, to the IBC tank, which provided a 123 
temporary water store and a settling well for finer sediment. The IBC tank was located at least 124 
~1 m above the high-pressure pump (Section 2.2.2) to produce a constant pressure head and 125 
thus deliver a slightly pressurised water supply. This supply was transferred using a further 15 m 126 
length of supply hose, again with a foot filter on the source end in the IBC tank to ensure no 127 
debris particles could enter the pump and pass through the system (potentially wearing the pump 128 
and blocking the terminal nozzle). In practice, the IBC tank and high-pressure pump were located 129 
within a few metres of each other for convenience (Fig. 2a, b). 130 
2.2.2 Pressurisation and heating 131 
In 2017, a Kärcher HDS 801 B combined pump and burner unit, weighing ~106 kg, was used to 132 
heat and pressurise the water. This unit uses a Honda GX160 petrol-driven engine (3.6 kW power 133 
output at sea level) to both pressurise the water and drive the fan and fuel pump of the 134 
integrated diesel heater. 135 
 In 2018, to address limitations that became apparent during the 2017 field season 136 
(Section 3.1.3), a separate petrol-driven pump (Kärcher HD 9/23 G; ~76 kg), and diesel burner 137 
(HG 43; ~88 kg) were used (Fig. 2a, b). Separating the pump from the burner provided greater 138 
transport flexibility and increased the system’s power, with the HD 9/23 G incorporating a Honda 139 
GX390 engine (providing 8.7 kW power output at sea level – reducing to an estimated 4.5 kW at 140 
5000 m a.s.l.). Both the HD 9/23 G and the HG 43 were armoured by the addition of steel base 141 
panels and braced with tubing to improve durability for the rough terrain and potential damage 142 
during transport. System performance was monitored live by the addition of gauges displaying 143 
the pressure of water leaving the pump and the temperature of water leaving the burner. 144 
2.2.3 High-pressure water transfer 145 
The heated, pressurised water was transferred from the Kärcher unit(s) to a drill spool via ~15 m 146 
of high-pressure hose. For EverDrill, we used ½ inch bore thermoplastic hose (Polyhose (UK) Ltd; 147 
EF148-R7), with a nominal working pressure of 140 bar, a minimum burst pressure of 560 bar, 148 
and an outside diameter of 19.3 mm. The drill spool held a further 200 m of coiled high-pressure 149 
drilling hose of identical specification (Fig. 2a, b). The length of hose on the spool was determined 150 
by helicopter weight restrictions and the maximum anticipated borehole length (Section 2.3.1). 151 
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 The spool and hose combined comprised the heaviest single item, weighing ~150 kg. An 152 
integrated electric motor turned the spool to release hose at a user-controlled rate (Section 153 
2.3.3). The spool motor was powered by a Honda EG5000CX (petrol) generator, with a smaller 154 
Honda EU20i (petrol) generator providing back-up and occasional additional use. Both generators 155 
were rejetted and ran mostly successfully at elevations of ~5000 m a.s.l. (Section 3.1.2), with the 156 
larger EG5000CX operating more smoothly. 157 
 Two stainless-steel drill stems (each 1.5 m length and ~10 kg weight), joined to make a 158 
single 3 m-long stem, were attached to the end of the main hose to provide weight and aid 159 
borehole verticality. All connections were ½ inch British Standard Pipe (BSP) parallel with 160 
additional quick-release connectors where appropriate. A tripod and sheave wheel were used to 161 
hang the drill hose and stems directly above the borehole (Fig. 2d). A high-pressure nozzle with 162 
a ¼ inch BSP parallel outside thread (PNR UK Ltd) was attached via a ¼ inch to ½ inch bush to the 163 
base of the drill stem. Nozzle diameter determines the pressure of the water jet supplied to the 164 
melting front, with smaller diameter nozzles producing greater pressure but requiring more 165 
power from the pump. Given the vagaries of engine operation, field deployment and ice 166 
conditions, a broad selection of nozzles was made available to choose from in the field. 167 
2.3 Methods 168 
2.3.1 Site selection 169 
The selection of a general area (10 x 10 m) for a drill site on Khumbu Glacier involved combining 170 
considerations of safety, research aims, methods and logistics. Through the two field seasons, 171 
five sites were targeted (Sites 1–3 in 2017, and Sites 4–5 in 2018; Fig. 3) in order to provide spatial 172 
coverage of the glaciological and hydrological properties targeted by EverDrill. Based on radar 173 
surveys of ice thickness (Gades and others, 2000), Sites 1 and 5 were designed to have the best 174 
chance of reaching the glacier bed, being near the terminus where the ice is thinnest. The location 175 
of Site 2, approximately in the centre of the ablation area, was selected to measure ice properties 176 
in this region. Site 2 boreholes were also drilled with the hope of reaching the bed (~200 m depth 177 
(Gades and others, 2000)), but additionally to intersect part of the drainage system, being located 178 
a short distance downglacier from a large tributary glacier stream input to the bed of Khumbu 179 
(Miles and others, 2019). When none of the Site 2 boreholes reached the bed (Section 3.2.3), Site 180 
4 was located nearby, but on the far (east) side of the glacier with the intention of drilling a longer 181 
borehole. Finally, Site 3 was designed to record ice properties in the upper ablation area to the 182 
greatest depth possible (in the knowledge that our 200 m hose length would be insufficient to 183 
reach the bed (Gades and others, 2000)). 184 
 Once the general drill site region was identified, a specific site (1 x 1 m) was chosen based 185 
on local factors. Most importantly, access to a clean ice surface was required. Thinner debris 186 
cover (< ~200 mm, thus removable by hand/ice axe) is often found on steep surface slopes and 187 
around supraglacial pond margins. Sites also needed to be located near to a continuous surface 188 
water supply, ideally ponded so that sediment was settled out of suspension. The lateral and 189 
vertical distance from such a pond was limited by the power of the water pump to transport 190 
water to the IBC tank (Sections 2.2.1 and 3.1.2). Yet, where possible, boreholes were located as 191 
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far as practicable (both horizontally and vertically) from the supply pond for both safety reasons 192 
and to reduce the potential of inundation by pond expansion during the subsequent monsoon 193 
season (Section 3.3). 194 
2.3.2 Preparation 195 
Following site selection, equipment was transported by porter or helicopter sling to within some 196 
metres of the proposed borehole location. Approximately one day at each site was required to 197 
level areas for equipment placement. Reduced helicopter lift at ~5000 m a.s.l. limited sling loads 198 
to ~170 kg, while safe manual repositioning across the debris surface limited most items to < 100 199 
kg. Our total system weighed ~1000 kg, which took four to five helicopter trips per site, plus 200 
manual portering, to transport to 5000 m a.s.l.. 201 
 After equipment was positioned (e.g. Fig. 2a, b), the area around the proposed borehole 202 
was cleared of debris. This was carried out initially by hand, with the remaining fine debris 203 
washed off with pressurised water during initial drill tests (Fig. 2c, 7a). Daily testing and final 204 
preparations included starting all the equipment in turn, beginning with filling the IBC tank. Once 205 
all components were running, the water and 200 m of drill spool hose were preheated by 206 
circulating water around the system and back into the IBC tank. To avoid damage to the IBC tank, 207 
a relatively low-pressure, 45° solid cone nozzle was attached to the hose end, with no stem, for 208 
this preheating (and surface cleaning) phase. 209 
 Once running satisfactorily and warmed, the system was temporarily shut down to attach 210 
the stems and nozzle. All high-pressure nozzles used to melt boreholes formed a pencil jet (0° 211 
solid cone). As anticipated, nozzle size was critical: smaller diameter nozzles led to excessive load 212 
on the pump motor, causing stuttering and stalling, while larger diameter nozzles led to 213 
insufficient back-pressure for the high-pressure pump to pressurise. For the two systems 214 
described above (Section 2.2.2), trial and error determined that a .0055 nozzle was optimal with 215 
the HDS 801 B in 2017, and a .0065 nozzle was optimal with the HD 9/23 G in 2018 (nozzle sizes 216 
are designated by a standardised code that gives the nozzle’s water flux (in US gallons per minute) 217 
under a pressure of 40 psi (2.76 bar)). Once the stems and appropriate nozzle were attached to 218 
the main hose, the system was restarted and drilling commenced. 219 
2.3.3 Drilling 220 
Drilling ideally involves lowering the stem at a rate such that the nozzle does not touch the 221 
melting ice front, allowing the stem to hang vertically, similar to a plumb-line. To achieve this, 222 
the drilling hose should be lowered over the tripod’s sheave wheel at a steady rate controlled by 223 
the spool motor (Fig. 2d, Fig. 3c, Supplementary Movie S1). However, despite the drill spool 224 
gearing allowing descent as slow as 0.5 m min-1, this was still - at least intermittently - more rapid 225 
than the interface melt rate within our boreholes. Drilling was therefore mostly carried out 226 
manually, with hose being fed over the driller’s shoulder once the stem was submerged (Fig. 2e, 227 
3h). Using this technique, the hose was lowered at a rate determined by trial and error, calibrated 228 
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by the driller occasionally (but as infrequently as possible) allowing the nozzle to contact the 229 
borehole base, felt as a momentary impact accompanied by a reduced load. 230 
 The typical drilling procedure is demonstrated in a video recording (Supplementary Movie 231 
S2). Once a borehole had been drilled, the drill stems were removed and the spool run backwards 232 
for several hours: initially to re-coil the hose; subsequently to drain it of water. Finally, the 233 
remaining supply hoses were emptied manually and the high-pressure pump and burner flushed 234 
with antifreeze to avoid damage overnight by sub-zero temperatures. 235 
3. METHOD EVALUATION 236 
3.1 System performance 237 
3.1.1 Overall system performance 238 
Over the two field seasons, 27 boreholes longer than 1 m were drilled into Khumbu Glacier across 239 
five sites, at elevations between 4900 and 5200 m a.s.l. (Fig. 3, Table 1). Two additional boreholes 240 
failed within 1 m of the surface at Site 5 (“test boreholes”). The successful boreholes varied in 241 
length up to 192 m (Table 1, Fig. 3c-h), and the cumulative borehole length was 760.9 m. These 242 
boreholes are, to our knowledge, the deepest and most spatially extensive achieved on any high-243 
elevation debris-covered glacier. 244 
 Our equipment combination yielded a pressure of ~50 bar (estimated) in 2017 and of 245 
~110 bar (measured) in 2018. The water left the burner at a temperature of ~55°C (measured) in 246 
2018. Water temperature was not measured in 2017 but is considered from touch to have been 247 
below this. While the relatively low water pressure and temperature generated by the 2017 248 
system was sufficient to drill boreholes, subsequent issues (Section 3.2) led directly to the system 249 
upgrade for 2018 (Section 2.2.2), which was substantially more effective (Section 3.1.3). 250 
 Other challenges also emerged over both years, relating to the equipment, method and 251 
site selection. The following subsections summarise the performance of specific pieces of 252 
equipment at high elevations. The subsequent effect on the drilling process and melting of 253 
boreholes is then discussed (Section 3.2), followed by an assessment of site selection for leaving 254 
monitoring equipment behind (Section 3.3). 255 
3.1.2 Water and power supply 256 
Once on-site, all combustion motors were reluctant (to variable degrees) to start for the first 257 
time, i.e., prior to warming up. Although it performed adequately for both field seasons, the 258 
WX10 water pump was underpowered, driving water only a few metres uphill and no more than 259 
~20 m laterally. This was the main limitation on the vertical and horizontal distance that 260 
EverDrill’s boreholes could be located from supraglacial ponds. The pump also periodically cut 261 
out, which disrupted drilling. 262 
 The generators were similarly difficult to start at the beginning of fieldwork, likely due to 263 
a combination of factors including the high elevation, cold ambient temperature, and (possibly) 264 
tainted petrol. They also sustained (repairable) external damage during transport, while some 265 
nuts and bolts had worked loose. However, once started - often requiring many tens of pulls of 266 
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the recoil start under a variety of throttle positions - and run for an extended initial period, they 267 
performed well and the EG5000CX ran smoothly and powered both field seasons successfully. 268 
3.1.3 Water pressurisation and heating 269 
A more fundamental challenge was presented by insufficient oxygenation and ventilation for the 270 
HDS 801 B unit in 2017, even after rejetting. This affected both the pump and burner, which are 271 
driven by the same GX160 motor (Section 2.2.2). Continual adjustment of the motor throttle was 272 
required to obtain pressurised water delivery whilst optimising the balance of diesel and air 273 
supply to the burner. These issues combined to both reduce the effectiveness and increase the 274 
variability of borehole drilling in 2017 (Section 3.2). 275 
 In contrast, in 2018 the HD 9/23 G pump allied to the HG 43 burner performed 276 
substantially better, reaching temperatures of up to ~55°C and pressures of up to ~110 bar. 277 
However, it was also apparent that the Honda GX390 was operating at its oxygen limit, requiring 278 
removal of the air intake cover and filter on days of relatively low atmospheric pressure. Even 279 
when operating smoothly, the ~55°C output temperature achieved in 2018 was notably lower 280 
than that typically achieved at lower elevations; e.g. 60-76°C was achieved on Rhonegletscher, 281 
Switzerland (~2300 m a.s.l.), using an integrated Kärcher system (HDS 1000 De) driven by the 282 
same Honda GX390 motor (Tsutaki and Sugiyama, 2009). 283 
3.2 Drilling 284 
3.2.1 Drilling rate 285 
A key consequence of the Kärcher units running at suboptimal performance was that drilling rates 286 
were slow. The rate also slowed further with borehole depth, as heat was lost through the drilling 287 
hose walls to the water in the borehole, eventually becoming too cold to melt the borehole base 288 
and continue drilling (Humphrey and Echelmeyer, 1990). This was exacerbated on Khumbu 289 
Glacier by boreholes intersecting englacial debris. As intersected debris melts out of a borehole 290 
wall, it accumulates at the base, reducing the thermal and mechanical transfer of energy to the 291 
ice front. When this occurred, drilling progress was always slowed and often ceased, particularly 292 
when thick debris or large clasts were encountered. Such direct contact with englacial debris is 293 
confirmed by the appearance of substantial surface wear on the stem and nozzles following 294 
drilling (Fig. 4). 295 
 In 2017, drilling of the longest borehole (BH17-13; Table 1) took two full days, with 102.4 296 
m drilled on the first day and 52.6 m on the second. The average drilling rate was 0.29 m min-1, 297 
with rates varying between 0.12–0.46 m min-1 for 5−10 m sections (Fig. 5). In 2018, drilling of the 298 
longest borehole (BH18-04) also took two days, with 103 m drilled on the first day and 89 m on 299 
the second. The average drilling rate was 0.52 m min-1, varying between 0.24−0.96 m min-1 for 300 
10−20 m sections. For comparison, rates of 0.45−1.17 m min-1 and 0.5–2.0 m min-1 were achieved 301 
using similar equipment at (low-elevation) Rhonegletscher, Switzerland (Tsutaki and Sugiyama, 302 
2009), and Haut Glacier d’Arolla, Switzerland (Hubbard and Glasser, 2005), respectively. 303 
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3.2.2 Borehole verticality 304 
Great difficulty was encountered in drilling boreholes that were vertical at Khumbu Glacier. The 305 
slow drilling rates, combined with the need to drill manually rather than over the tripod and 306 
sheave wheel (Section 2.3.3) and the accumulated debris within each borehole (Section 3.2.1), 307 
often combined to result in substantial deviation from vertical. 308 
Borehole inclinometry is only available for the four boreholes that were logged with an 309 
optical televiewer (OPTV) immediately after drilling (Table 1; Fig. 6). In 2017, BH17-13 reached a 310 
maximum inclination of ~30° from vertical at the borehole base (Fig. 6). As a result, while the 311 
borehole length was 155 m, the base of the borehole (‘borehole depth’) was only 132 m below 312 
the ice surface. In 2018, the deviation was less significant, likely because of the improved pump 313 
and burner performance (Section 3.1.3). For BH18-04, the maximum inclination was ~11° from 314 
vertical at 100 m below the surface, but by 150 m this had returned to 3.6° (Fig. 6). 315 
3.2.3 Borehole completion 316 
For all boreholes other than BH18-04, which was limited by hose length, drilling ceased due to 317 
either impassable debris or the drilling rate slowing such that continued effort was futile. Images 318 
of several typical boreholes, drilled at Site 5 in 2018, are shown in Fig. 7, illustrating the difficulties 319 
encountered during drilling. BH18-06 and BH18-07 (Fig. 7a) were abandoned at 8.5 m after they 320 
connected to a shallow englacial fracture, drained into the adjacent pond (left of image) and no 321 
further progress was made. Two test boreholes, separated laterally by < 2 m, were blocked 322 
terminally at < 1 m depth: one by coarse sediment (Fig. 7b) and the other by a substantial layer 323 
of fine sediment (Fig. 7c). BH18-12 (Fig. 7d) continued through relatively debris-free ice to 38 m, 324 
at which point further progress was prevented, probably by a thick layer of englacial debris. This 325 
was likely also the case for all boreholes at Site 2, where the maximum borehole length was 22.6 326 
m (Fig. 3d). 327 
 The only borehole that may have reached the bed of Khumbu Glacier was BH17-02 (Fig. 328 
3e). However, the lack of any hydraulic indication of a subglacial drainage system, such as a 329 
change in borehole water-level, undermines certainty. Nevertheless, several boreholes partially 330 
drained, indicating a hydrological connection (Pohjola, 1994; Copland and others, 1997; Gordon 331 
and others, 2001; Fountain and others, 2005) to either the supraglacial hydrological system, such 332 
as at boreholes BH18-08 to BH18-11 (described above), or to a shallow englacial network. The 333 
latter was suggested at both BH18-12, by its drainage at ~7 m below the surface (Fig. 7d), and 334 
BH18-14, in which the borehole water-level lowered post-drilling. Alternatively, if a borehole 335 
encounters a pressurised, active conduit, the borehole will overflow (Hubbard and Glasser, 336 
2005), as occurred at BH18-13 at Site 5, which overflowed for at least several days after drilling. 337 
3.3 Changes in surface topography 338 
 After drilling, one borehole at each site (Fig. 3c-h) was instrumented with strings of 339 
sensors to measure time-series of ice temperature (Miles and others, 2018) and shear strain at 340 
multiple depths. A basal probe to measure hydrological electrical conductivity, pressure, 341 
temperature and turbidity was also installed at a single depth - usually the borehole base - at 342 
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selected sites (Table 1). Sensors were wired to a data logger at the surface and left to record 343 
continually between field seasons. However, changes in the surface topography of debris-344 
covered glaciers can be extremely rapid (Immerzeel and others, 2014), which created a challenge 345 
in determining safe locations for data loggers to be left. The need for boreholes to be in close 346 
proximity to a supraglacial pond (Section 2.3.1) meant the likelihood of surface change was even 347 
greater due to the potential for expanding supraglacial ponds and ice cliffs during the monsoon 348 
melt season, and subsequent loose debris (Benn and others, 2001; Watson and others, 2017). 349 
 At Site 1, where boreholes were drilled between two large supraglacial ponds (Fig. 3e), 350 
data loggers were removed within three weeks of installation due to pre-monsoon surface 351 
changes (Fig. 8a, b). During this short interval, the water-level of the adjacent ponds rose 0.8 m 352 
and pond-marginal ice cliffs were observed to be backwasting rapidly (Fig. 8b), threatening the 353 
position of the data logger. These concerns were later validated during a return trip in October 354 
2017, when both boreholes had been engulfed by the pond. While the drill site had re-emerged 355 
by May 2018 due to a net water-level decrease over the year (Fig. 8c), the sensor strings were 356 
determined to have snapped before October 2017, likely due to debris slumping as the pond 357 
expanded. 358 
 At Site 2, considerable surface lowering between May and October 2017 resulted in the 359 
sensor strings on the surface also being severed by slumping debris (Fig. 8d, e). The data logger 360 
had travelled several metres downslope when retrieved in October 2017, despite having been 361 
located on a large and seemingly stable rock in May 2017. While Site 3 also experienced much 362 
surface topographical change between May 2017 and 2018 (Fig. 8f), including melting glacier 363 
pedestals in the surrounding area, the data logger has remained stable for the two years since 364 
May 2017. 365 
 Two boreholes were instrumented at Site 5 in May 2018, with data loggers secured above 366 
an emerging pond. Here, pond expansion was much more rapid than anticipated; in November 367 
2018 the logger was retrieved from within this pond. No other sites visited in November 2018 368 
had experienced such a topographical change, and all data loggers have remained intact and 369 
stationary since May 2018. 370 
4. METHODOLOGICAL ADAPTATIONS FOR FUTURE HOT-WATER DRILLING 371 
4.1 Use up to 5200 m a.s.l. 372 
While our hot-water drilling equipment and methods were predominantly successful at Khumbu 373 
Glacier up to 5200 m a.s.l., we did encounter difficulties (Section 3). We outline some possible 374 
solutions below that would allow more effective and rapid future hot-water drilling at such 375 
elevations. 376 
As noted above, a more slowly rotating spool would allow use of the spool motor, tripod 377 
and sheave wheel, thereby increasing drilling rate consistency and borehole verticality. Heavier 378 
drill stems may also aid in this respect – although the ~20 kg stem was considered adequate 379 
matched to the EverDrill hose. 380 
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 A potential solution to drill deeper boreholes at a faster rate would be to run several 381 
pumps and/or diesel burners to increase the water and heat supply, respectively. For example, 382 
temperatures of 70–80°C have been reached on Store Glacier, Greenland, by running three 383 
Kärcher HDS 1000 De units in parallel (Doyle and others, 2018), and 80–90°C achieved with six to 384 
eight heating units on Jakobshavn Isbræ, Greenland, producing mean drilling rates of 1.29 m min-385 
1 (Iken and others, 1993). However, the use of multiple units would involve greater logistical 386 
demands and reduce portability once on the glacier. 387 
 Finally, the Honda WX10 water pump was underspecified for the elevation of Khumbu 388 
Glacier. This could be overcome by using an alternative pump with a larger combustion engine 389 
(e.g. Honda WB20 or WH20) or using an electric water pump powered by a separate generator. 390 
4.2 Use above 5200 m a.s.l. 391 
More fundamental adaptions would be required in order to deploy EverDrill-style drilling 392 
equipment at even higher elevations. The principal challenge would be the supply of oxygen to 393 
the high-pressure pump carburettor. We have already found the HDS 801 B used in 2017 to be 394 
underpowered for our purpose; while the HD 9/23 G used in 2018 was better, it was also clear 395 
that the engine was operating at its elevational limit (Section 3.1.3). This was improved in the 396 
field by removing the filter from the GX390’s air intake, and may have been enhanced further by 397 
disabling the engine’s automatic throttle and operating it manually. Ultimately, however, the 398 
motor needs more oxygen, most likely supplied by a forced induction system such as a 399 
turbocharger or supercharger. These solutions are possible, and a supercharger could be driven 400 
by a separate motor, but both would require bespoke engineering and - to our knowledge - 401 
neither has yet been developed for general availability. 402 
 Although carburettor rejetting was largely successful for our EverDrill boreholes at 403 
elevations of up to ~5200 m a.s.l., Honda’s off-the-shelf fuel nozzles are limited to three ranges, 404 
considered appropriate to a maximum of 4500 m a.s.l. (Fig. 1). Above this, even their smallest 405 
fuel nozzle is larger than that required for maximum efficiency, a limitation that will eventually 406 
prevent combustion altogether. Thus, non-standard rejetting may be necessary for combustion 407 
motor use above ~5200 m. An alternative solution might be to partly or entirely replace the 408 
combustion-driven power with solar power. While the high energy demand of producing hot, 409 
pressurised water largely precludes solar power, high-elevation boreholes can be cored by solar-410 
powered electro-mechanical systems (e.g. Thompson 2017). However, unless a core is needed 411 
for direct analysis, mechanical coring cannot match the flexibility, rapidity or portability of hot-412 
water drilling. 413 
 Finally, hot-water drilling at higher elevations may suffer from the absence of a ready 414 
supply of liquid water. In such cases, sufficient snow can be melted to begin drilling and 415 
thereafter that water, supplemented by newly-melted ice, can be recirculated from the borehole. 416 
Such a method would require additional equipment, and thus also more processes to monitor 417 
during drilling. Recirculation may not be necessary if only short boreholes are planned. 418 
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5. CONCLUSIONS 419 
We have presented our experiences of, and adaptations to, a hot-water drilling methodology on 420 
the high-elevation debris-covered Khumbu Glacier, Nepal. This drilling programme allowed us to 421 
acquire novel 3D measurements of the thermal structure (Miles and others, 2018), dynamics and 422 
composition of a high-elevation Himalayan debris-covered glacier, which are still being analysed. 423 
Over two field seasons of 6–8 weeks each, we drilled a total of 27 boreholes with a cumulative 424 
length of 760.9 m. Our modular set-up of 2018 was more effective and robust than the less-425 
powerful combined pressure-heater unit of 2017, resulting in boreholes being drilled more 426 
rapidly and closer to vertical. While some challenges can be - and were - overcome by equipment 427 
adaptations, others (such as encountering englacial debris and surface change with the monsoon 428 
season) are inherent to working on high-elevation (Asian or Andean) debris-covered glaciers, and 429 
their adverse influence can only be considered and possibly minimised by site selection. 430 
 The ability to measure properties and processes at high-elevation (and debris-covered) 431 
glaciers could contribute substantially to the parameterisation of numerical models aimed at 432 
robust forecasts of glacier evolution. These properties include thermal structure and dynamics, 433 
as well as ice thickness and hydrological measurements and experiments, for which virtually no 434 
observations exist across High Mountain Asia. Future deployments, with the methodological 435 
improvements suggested in Section 4.1, could allow more widespread observations of the glacier 436 
subsurface, particularly in the upper ablation area approaching the Khumbu ice fall. It may also 437 
allow the bed to be reached, enabling ice thickness to be measured and any subglacial drainage 438 
to be identified and investigated. Other appealing targets for future work include similar studies 439 
at other high-elevation debris-covered glaciers across High Mountain Asia, as the broader 440 
representivity of Khumbu Glacier is unknown, as well as examining dynamics of surging glaciers 441 
across the region. With the further adaptations to the drill equipment suggested in Section 4.2, 442 
the method could be deployed to reconstruct and characterise high-elevation thermal regimes 443 
and accumulation rates for the first time. Better understanding of all high-elevation glaciers, 444 
debris-covered or otherwise, will help to improve predictions of how these glaciers will respond 445 
to future climatic changes, and thus their projected contributions to water resources for vast 446 
populations. 447 
ACKNOWLEDGEMENTS 448 
This research was supported by the ‘EverDrill’ Natural Environment Research Council Grant 449 
awarded to Aberystwyth University (NE/P002021) and the Universities of Leeds and Sheffield 450 
(NE/P00265X). Support for equipment also came from HEFCW Capital Equipment Grant awarded 451 
to Aberystwyth University. KM is funded by an AberDoc PhD Scholarship (Aberystwyth 452 
University). Kärcher U.K. provided invaluable technical support in the development of an 453 
elevation-adapted drilling unit, and donated the equipment used in 2018. The authors would like 454 
to thank Himalayan Research Expeditions and Rijan Kayastha for organising logistics and 455 
fieldwork permits, and Mahesh Magar for invaluable assistance in the field. We thank Samuel 456 
13 
 
Doyle and Tom Chase for assisting with equipment preparation. Emily Potter, Tenzing Chogyal 457 
Sherpa and Dawa Tshering Sherpa also provided support during drilling. We acknowledge the 458 
support of the Sagarmatha National Park and their assistance with permitting. 459 
AUTHOR CONTRIBUTIONS 460 
DQ conceived of and led the EverDrill project, which was co-led by BH and AR. MP collaborated 461 
with EM and BH to ruggedise and adapt the Kärcher units for field use at high elevations. KM, 462 
EM, BH, DQ and AR participated in fieldwork. KM and EM led manuscript writing, to which all 463 
authors contributed. 464 
REFERENCES 465 
Aamot HWC (1968) Instruments and Methods: A buoyancy-stabilized hot-point drill for glacier studies. J. 466 
Glaciol. 7(51), 493–498 (doi:10.3189/S0022143000020670) 467 
Árnason B, Björnsson H and Theodórsson P (1974) Mechanical drill for deep coring in temperate ice. J. 468 
Glaciol. 13(67), 133–139 (doi:10.3189/s0022143000023443) 469 
Ashmore DW and 9 others (2017) Ice and firn heterogeneity within Larsen C Ice Shelf from borehole 470 
optical televiewing. J. Geophys. Res. Earth Surf. 122(5), 1139–1153 (doi:10.1002/2016JF004047) 471 
Benn DI, Wiseman S and Hands KA (2001) Growth and drainage of supraglacial lakes on debris-mantled 472 
Ngozumpa Glacier, Khumbu Himal, Nepal. J. Glaciol. 47(159), 626–638 473 
(doi:10.3189/172756501781831729) 474 
Bolch T and 11 others (2012) The State and Fate of Himalayan Glaciers. Science. 336(6079), 310–314 475 
(doi:10.1126/science.1215828) 476 
Copland L, Harbor J, Gordon S and Sharp M (1997) The Use of Borehole Video in Investigating the 477 
Hydrology of a Temperate Glacier. Hydrol. Process. 11(2), 211–224 (doi:10.1002/(SICI)1099-478 
1085(199702)11:2<211::AID-HYP496>3.0.CO;2-7) 479 
Danielson JJ and Gesch DB (2008) An enhanced global elevation model generalized from multiple higher 480 
resolution source datasets. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. XXXVII(Part B4), 481 
1857–1864 482 
Doyle SH and 7 others (2018) Physical Conditions of Fast Glacier Flow: 1. Measurements From Boreholes 483 
Drilled to the Bed of Store Glacier, West Greenland. J. Geophys. Res. Earth Surf. 123 484 
(doi:doi.org/10.1002/2017JF004529) 485 
Eisen O, Bauder A, Lüthi M, Riesen P and Funk M (2009) Deducing the thermal structure in the tongue of 486 
Gornergletscher, Switzerland, from radar surveys and borehole measurements. Ann. Glaciol. 487 
50(51), 63–70 (doi:10.3189/172756409789097612) 488 
Engelhardt H, Humphrey NF and Kamb B (1990) Borehole geophysical observations on Ice Stream B, 489 
Antarctica. Antarct. J. U.S. 25(5), 80–82 490 
Fountain AG, Jacobel RW, Schlichting R and Jansson P (2005) Fractures as the main pathways of water 491 
flow in temperate glaciers. Nature. 433(7026), 618–621 (doi:10.1038/nature03296) 492 
Gades A, Conway H, Nereson N, Naito N and Kadota T (2000) Radio echo-sounding through supraglacial 493 
debris on Lirung and Khumbu Glaciers, Nepal Himalayas. Nakawo M, Raymond CF, and Fountain A 494 
eds. Debris-Covered Glaciers. International Association of Hydrological Sciences, Oxford, 13–22 495 
14 
 
Gibson CJ, Johnson JA, Shturmakov AJ, Mortensen NB and Goetz JJ (2014) Replicate ice-coring system 496 
architecture: mechanical design. Ann. Glaciol. 55(68), 165–172 (doi:10.3189/2014aog68a019) 497 
Gillet F (1975) Instruments and Methods: Steam, Hot-Water and Electrical Thermal Drills for Temperate 498 
Glaciers. J. Glaciol. 14(70), 171–179 (doi:10.3189/S0022143000013484) 499 
Gordon S and 7 others (2001) Borehole drainage and its implications for the investigation of glacier 500 
hydrology: Experiences from Haut Glacier d’Arolla, Switzerland. Hydrol. Process. 15(5), 797–813 501 
(doi:10.1002/hyp.184) 502 
Heucke E (1999) A light portable steam-driven ice drill suitable for drilling holes in ice and firn. Geogr. 503 
Ann. Ser. A Phys. Geogr. 81(4), 603–609 (doi:10.1111/j.0435-3676.1999.00088.x) 504 
Honda Power Equipment (2018) Carburetor jetting for high elevations, 1–2 505 
http://cdn.powerequipment.honda.com/pe/pdf/pubs/pci54675.pdf 506 
How P and 9 others (2017) Rapidly changing subglacial hydrological pathways at a tidewater glacier 507 
revealed through simultaneous observations of water pressure, supraglacial lakes, meltwater 508 
plumes and surface velocities. Cryosphere. 11(6), 2691–2710 (doi:10.5194/tc-11-2691-2017) 509 
Howorka F (1965) Instruments and Methods: A Steam-Operated Ice Drill for the Installation of Ablation 510 
Stakes on Glaciers. J. Glaciol. 5(41), 749–750 (doi:10.1017/s002214300001875x) 511 
Hubbard B and 12 others (2016) Massive subsurface ice formed by refreezing of ice-shelf melt ponds. 512 
Nat. Commun. 7(11897), 1–6 (doi:10.1038/ncomms11897) 513 
Hubbard B and Glasser N (2005) Field Techniques in Glaciology and Glacial Geomorphology. Wiley, 514 
Chichester 515 
Hubbard B, Sharp MJ, Willis IC, Nielsen MK and Smart CC (1995) Borehole water-level variation and the 516 
structure of the subglacial hydrological system of Haut Glacier d’Arolla, Valais, Switzerland. J. 517 
Glaciol. 41(139), 572–583 (doi:doi.org/10.3189/S0022143000034894) 518 
Humphrey N and Echelmeyer K (1990) Hot-water drilling and bore-hole closure in cold ice. J. Glaciol. 519 
36(124), 287–298 (doi:10.3189/002214390793701354) 520 
Huss M and Farinotti D (2012) Distributed ice thickness and volume of all glaciers around the globe. J. 521 
Geophys. Res. Earth Surf. 117(4), 1–10 (doi:10.1029/2012JF002523) 522 
Iken A, Echelmeyer K, Harrison W and Funk M (1993) Mechanisms of fast flow in Jakobshavns Isbrae, 523 
West Greenland: Part I. Measurements of temperature and water level in deep boreholes. J. 524 
Glaciol. 39(131) (doi:10.1017/S0022143000015689) 525 
Immerzeel WW and 6 others (2014) High-resolution monitoring of Himalayan glacier dynamics using 526 
unmanned aerial vehicles. Remote Sens. Environ. 150, 93–103 (doi:10.1016/j.rse.2014.04.025) 527 
Iwata S, Watanabe O and Fushimi H (1980) Surface morphology in the ablation area of the Khumbu 528 
Glacier. J. Japanese Soc. Snow Ice 41(Special), 9–17 (doi:10.5331/seppyo.41.Special_9) 529 
Kamb B and 6 others (1994) Mechanical and hydrologic basis for the rapid motion of a large tidewater 530 
glacier. 2: Interpretation. J. Geophys. Res. 99(B8), 231–244 (doi:10.1029/94JB00467) 531 
Kulessa B and Murray T (2003) Slug-test derived differences in bed hydraulic properties between a 532 
surge-type and a non-surge-type Svalbard glacier. Ann. Glaciol. 36, 103–109 533 
(doi:10.3189/172756403781816257) 534 
15 
 
Mae S (1976) Ice Temperature of Khumbu Glacier. J. Japanese Soc. Snow Ice 38(Special), 37–38 535 
Mae S, Wushiki H, Ageta Y and Higuchi K (1975) Thermal Drilling and Temperature Measurements in 536 
Khumbu Glacier, Nepal Himalayas. J. Japanese Soc. Snow Ice 37(4), 161–169 537 
McCarthy M, Pritchard H, Willis I and King E (2017) Ground-penetrating radar measurements of debris 538 
thickness on Lirung Glacier, Nepal. J. Glaciol. 63(239), 543–555 (doi:10.1017/jog.2017.18) 539 
Miles ES, Willis IC, Arnold NS, Steiner JF and Pellicciotti F (2017) Spatial, seasonal, and interannual 540 
variability of supraglacial ponds in the Langtang Valley of Nepal, 1999 to 2013. J. Glaciol. 63(237), 541 
88–105 (doi:10.1017/jog.2016.120) 542 
Miles KE, Hubbard B, Quincey DJ, Miles ES, Irvine-Fynn TDL and Rowan AV (2019) Surface and subsurface 543 
hydrology of debris-covered Khumbu Glacier, Nepal, revealed by dye tracing. Earth Planet. Sci. Lett. 544 
513, 176–186 (doi:doi.org/10.1016/j.epsl.2019.02.020) 545 
Miles KE and 6 others (2018) Polythermal structure of a Himalayan debris-covered glacier revealed by 546 
borehole thermometry. Sci. Rep. 8(16825), 1–9 (doi:10.1038/s41598-018-34327-5) 547 
Pohjola VA (1994) TV-video observations of englacial voids in Storglaciären, Sweden. J. Glaciol. 40(135), 548 
231–240 (doi:10.1017/s0022143000007322) 549 
Porter PR and Murray T (2001) Mechanical and hydraulic properties of till beneath Bakaninbreen, 550 
Svalbard. J. Glaciol. 47(157), 167–175 (doi:10.3189/172756501781832304) 551 
RGI Consortium (2017) Randolph Glacier Inventory - A Dataset of Global Glacier Outlines: Version 6.0: 552 
Technical Report, Global Land Ice Measurements from Space, Colorado, USA. Digit. Media 553 
(doi:https://doi.org/10.7265/N5-RGI-60) 554 
Rowan AV, Egholm DL, Quincey DJ and Glasser NF (2015) Modelling the feedbacks between mass 555 
balance, ice flow and debris transport to predict the response to climate change of debris-covered 556 
glaciers in the Himalaya. Earth Planet. Sci. Lett. 430, 427–438 (doi:10.1016/j.epsl.2015.09.004) 557 
Ryser C, Lüthi M, Blindow N, Suckro S, Funk M and Bauder A (2013) Cold ice in the ablation zone: Its 558 
relation to glacier hydrology and ice water content. J. Geophys. Res. Earth Surf. 118(2), 693–705 559 
(doi:10.1029/2012JF002526) 560 
Schwikowski M, Jenk TM, Stampfli D and Stampfli F (2014) A new thermal drilling system for high-561 
altitude or temperate glaciers. Ann. Glaciol. 55(68), 131–136 (doi:10.3189/2014aog68a024) 562 
Shean D (2017) High Mountain Asia 8-meter DEM Mosaics Derived from Optical Imagery, Version 1. Tile 563 
677. (doi:https://doi.org/10.5067/KXOVQ9L172S2) 564 
Thompson LG (2017) Past, Present, and Future of Glacier Archives from the World’s Highest Mountains. 565 
Proc. Am. Philos. Soc. 161(3), 226–243 566 
Tsutaki S and Sugiyama S (2009) Development of a hot water drilling system for subglacial and englacial 567 
measurements. Bull. Glaciol. Res. 27(December), 7–14 568 
Watson CS, Quincey DJ, Smith MW, Carrivick JL, Rowan AV and James MR (2017) Quantifying ice cliff 569 
evolution with multi-temporal point clouds on the debris-covered Khumbu Glacier, Nepal. J. 570 
Glaciol. 63(241), 823–837 (doi:10.1017/jog.2017.47) 571 
Zagorodnov V, Thompson LG, Ginot P and Mikhalenko V (2005) Intermediate-depth ice coring of high-572 
altitude and polar glaciers with a lightweight drilling system. J. Glaciol. 51(174), 491–501 573 
16 
 
(doi:10.3189/172756505781829269) 574 
Zhang T and 7 others (2013) Observed and modelled ice temperature and velocity along the main 575 
flowline of East Rongbuk Glacier, Qomolangma (Mount Everest), Himalaya. J. Glaciol. 59(215), 438–576 
448 (doi:10.3189/2013JoG12J202) 577 
 578 
FIGURE CAPTIONS 579 
Figure 1 - Estimated reduction in power output for a naturally-aspirated combustion engine (such as used 580 
to drive the pumps in this study) due to reduced oxygen and pressure at high elevations, assuming perfect 581 
carburetion (blue line). Honda recommends smaller fuel nozzles to maintain fuel-air mixtures in the 582 
appropriate range (Honda Power Equipment, 2018) (‘rejetting’; vertical dotted lines), but no 583 
recommendation is made for beyond 4500 m a.s.l. (dashed blue line): fuel-air mixtures will thus become 584 
too fuel-rich above this elevation, further affecting power. The figure also indicates the distribution of 585 
minimum glacier elevations across High Mountain Asia from the Randolph Glacier Inventory 6.0 (RGI 586 
Consortium, 2017) (brown vertical bars), and the expected reduction in power at the elevation of the 587 
terminus of Khumbu Glacier (yellow star). 588 
 589 
Figure 2 - Images of a typical drilling set-up and preparations before drilling. (a) Equipment set-up at Site 590 
4 in 2018; components are shown in a schematic illustration of this image in (b) which includes examples 591 
of some additional equipment. Drilling preparations are shown in lower panels: (c) after manual removal 592 
of coarse surface debris, fine debris was cleared as part of final equipment testing (Site 5, 2018); (d) drill 593 
stems and drill hose hanging over the tripod and sheave wheel, fed directly from the drill spool, to begin 594 
drilling (Site 1, 2017); (e) drilling begun manually without using the tripod and sheave wheel due to uneven 595 
and unstable terrain (Site 5, 2018). Site locations are shown in Figure 3. 596 
 597 
Figure 3 - Location of Khumbu Glacier, Nepal (a), and of our drill sites on the glacier (b). Borehole (BH) IDs 598 
and their lengths are shown by diamond markers (green = not instrumented; purple = instrumented; Table 599 
1, Section 3.3) on an image of each drill site (c-h). Elevation in (a) is shown using the 2010 GMTED DEM 600 
(Danielson and Gesch, 2008) within glacierised areas using a tiled mask from the Randolph Glacier 601 
Inventory 6.0 (RGI Consortium, 2017). Background in (b) is a hillshade created from the HiMAT mosaic 602 
DEM (Shean, 2017). People are present in each image for scale: in (d) above BH11; in (e) above BH1; and 603 
in (g) to the left of BH12. Boreholes in this figure are numbered by year, with the year denoted in each 604 
subpanel header. 605 
 606 
Figure 4 - Images of drill equipment wear from contact with englacial debris. (a) Drill stems showing 607 
abrasion; (b) drill nozzles (unused on the left and used on the right). Note the chrome plating has worn 608 
completely from the used reducing bush on the right. 609 
 610 
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Figure 5 - Drilling rates by length for boreholes at Sites 3 (BH17-13), 4 (BH18-04) and 5 (BH18-12, BH18-611 
13 and BH18-14) which were over 20 m in length and where drilling rates were recorded. 612 
 613 
Figure 6 - Inclination from vertical of boreholes that were logged by an optical televiewer. The maximum 614 
length of these logs (150 m) was limited by the optical televiewer cable length. 615 
 616 
Figure 7 - Images of boreholes drilled on Khumbu Glacier at Site 5 in 2018. (a) BH18-08 and BH18-09 617 
(abandoned at 8.5 m), showing cleared debris around boreholes; (b) test borehole 1, abandoned at < 0.5 618 
m due to debris; (c) test borehole 2, abandoned at < 1 m due to sediment and debris inclusions; (d) BH18-619 
12 (abandoned at 38 m), which partly drained at ~7 m below the surface (water-level lowered by ~1.5 m). 620 
All boreholes were a similar diameter (~0.1 m). 621 
 622 
Figure 8 - Surface topographical change at Sites 1 and 2 between 2017 and 2018. (a) Site 1 orthoimage 623 
based on a terrestrial Structure-from-Motion survey on 8 May 2017. Surface elevation changes are shown 624 
for Site 1 on 26 May 2017 (b) and 14 May 2018 (c), relative to 8 May 2017, based on co-registered terrain 625 
models derived from repeats of the survey. (d) Site 2 orthoimage based on a terrestrial Structure-from-626 
Motion survey on 17 May 2017. Surface elevation changes are shown for Site 2 on 5 May 2018 (e) relative 627 
to 17 May 2017, based on co-registered terrain models derived from a repeat survey. (f) The resulting 628 
orthoimage from 5 May 2018. 629 
  630 
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TABLES 631 
Table 1 - Information regarding all boreholes drilled on Khumbu Glacier, Nepal, in 2017 and 2018 as part 632 
of the EverDrill project. Our borehole naming convention (e.g. BH17-01) consists of the year drilled, 633 
followed by the borehole number (for that year). Local time zone is Nepal Standard Time (NPT; UTC 634 
+05:45). Borehole sensors are described in Section 3.3 and borehole logging by optical televiewer (OPTV) 635 
in Section 3.2.2. 636 
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1 BH17-01 27.94°N, 86.16°E 4884 08.05.2017 AM ~1 h 40 min 31.2 - Y 
1 BH17-02 27.94°N, 86.16°E 4887 10.05.2017 13:57 - 16:18 2 h 21 min 45.5 Thermistor Multiprobe - 
2 BH17-03 27.97°N, 86.83°E 4972 15.05.2017 12:00 - 12:40 40 min 15.0 - - 
2 BH17-04 27.97°N, 86.83°E 4972 15.05.2017 12:45 - 13:15 30 min 12.0 - - 
2 BH17-05 27.97°N, 86.83°E 4970 15.05.2017 13:50 - 14:20 30 min 12.2 - - 
2 BH17-06 27.97°N, 86.83°E 4969 15.05.2017 14:28 - 15:10 42 min 16.0 - - 
2 BH17-07 27.97°N, 86.83°E 4969 15.05.2017 15:15 - 15:56 41 min 15.0 - - 
2 BH17-08 27.97°N, 86.83°E 4976 16.05.2017 10:59 - 11:45 46 min 19.0 - - 
2 BH17-09 27.97°N, 86.83°E 4977 16.05.2017 11:54 - 12:58 1 h 04 min 22.0 - Y 
2 BH17-10 27.97°N, 86.83°E 4978 16.05.2017 13:01 - 13:50 49 min 22.4 - - 
2 BH17-11 27.97°N, 86.83°E 4981 16.05.2017 13:54 - 14:50 56 min 22.6 Thermistor Tilt - 
2 BH17-12 27.97°N, 86.83°E 4974 16.05.2017 14:55 - 15:51 56 min 21.0 - - 
3 BH17-13 27.99°N, 86.85°E 5207 21-22.05.2017 
10:54 - 15:31 
10:14 - 15:24 9 h 04 min 155.0 
Thermistor 
Tilt 
Multiprobe 
Y 
4 BH18-01 27.97°N, 86.83°E 5032 02.05.2018 11:50 - 11:57 7 min 6.0 - - 
4 BH18-02 27.97°N, 86.83°E 5031 02.05.2018 12:09 - 12:16 7 min 6.0 - - 
4 BH18-03 27.97°N, 86.83°E 5029 02.05.2018 13:18 - 13:25 7 min 6.0 - - 
4 BH18-04 27.97°N, 86.83°E 5028 02-03.05.2018 
13:50 - 16:10  
10:40 - 16:15  7 h 39 min 192.0 
Thermistor 
Tilt Y 
4 BH18-05 27.97°N, 86.83°E 5032 04.05.2018 AM ~20 min 17.0 - - 
5 Test 1 27.95°N, 86.82°E 4922 10.05.2018 - < 1 min 0.5 - - 
5 Test 2 27.95°N, 86.82°E 4922 10.05.2018 - < 1 min 1.0 - - 
5 BH18-06 27.95°N, 86.82°E 4920 10.05.2018 13:47 - 14:07 20 min 8.5 - - 
5 BH18-07 27.95°N, 86.82°E 4920 10.05.2018 14:07 - 14:27 20 min 8.5 - - 
5 BH18-08 27.95°N, 86.82°E 4921 10.05.2018 14:50 - 14:55 5 min 1.0 - - 
5 BH18-09 27.95°N, 86.82°E 4921 10.05.2018 14:55 - 15:00 5 min 1.0 - - 
5 BH18-10 27.95°N, 86.82°E 4920 11.05.2018 10:10 - 10:13 3 min 1.0 - - 
5 BH18-11 27.95°N, 86.82°E 4920 11.05.2018 10:14 - 10:17 3 min 1.0 - - 
5 BH18-12 27.95°N, 86.82°E 4926 11.05.2018 10:30 - 13:15 2 h 45 min 38.0 - - 
5 BH18-13 27.95°N, 86.82°E 4923 12.05.2018 10:13 - 12:07 1 h 54 min 36.0 Multiprobe - 
5 BH18-14 27.95°N, 86.82°E 4922 12.05.2018 13:15 - 14:35 1 h 20 min 28.5 Thermistor - 
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